Abstract: This paper describes how a scaled vehicle system can be used to facilitate prototyping of vehicle control systems. Essential concepts in similitude and scaling are briefly reviewed and the application in past and future use of scaled vehicles is evaluated, particularly emphasising issues relevant to vehicle autonomous systems. The development of a 1/5th scale laboratory vehicle testbed is presented as a case study. Integration and evaluation of an anti-lock braking system (ABS) and controller on the scaled vehicle are described, contrasting the subsystem models, simulations, and experimental test results. Scaled systems can be effectively used to evaluate and simulate critical stages in vehicle design and virtual prototyping procedures by giving proper consideration to dynamic similarity. Making sure that the tyre-surface interaction in scaled systems exhibit characteristics similar to those observed in full-scale systems is especially emphasised, and results from laboratory testing confirms this similarity.
Introduction
Vehicle autonomous systems can take on a broad range of functions to support a vehicle mission. Some autonomous systems may completely or partially take over the primary driving function, while others may simply provide assistance in maintaining safe, reliable, and economic performance. The fully automated highway concept is an example of one mode of operation, while the now classical anti-lock brake system (ABS) represents another. It is implied that issues of safety and reliability are always critical for these systems and must be kept in the forefront of the vehicle design process. These modern vehicle systems involve application of actuation, sensing, and control technologies in ways that continually challenge and evolve vehicle-based mechatronic design [1] . This trend has been paving the way for reliable autonomous systems that will impact vehicle design in many different ways and at many different scales. The added complexity of designing a road vehicle with autonomous capabilities, either with respect to how it negotiates within its environment or to how a vehicle's subsystems accomplish their assigned functions, motivates a need for systematic and reliable methods in formulating and evaluating design and re-design of these systems within a development cycle.
Indeed, it is often the case that some critical design issues may not become evident unless practical implementation is attempted, including how the vehicle interacts with its various subsystems and an operational environment. The implied test and evaluation of both hardware and software solutions would seem to conflict with the trend toward more`top-down' design, and a desire to postpone prototyping and testing further down the design cycle. Hence, it is essential to determine the level of testing that will induce modes of interaction within the system and its environment that may not be evident or detectable solely through modelling and simulation. The use of driving simulators, for example, integrates human-controlled systems. The progression toward more autonomous operations similarly requires implementation and testing as an essential part of the development for almost all modern vehicle systems, at least involving hardware-in-the-loop [2] . This paper describes the use of scaled vehicle systems as part of a vehicle autonomous system design prototyping process. Scaled vehicle prototypes offer advantages and unique capabilities for vehicle design in general, as evidenced by their extensive use in the past [3] . A scaled system can be used to suggest and refine requirements for a new design, and allow a quick and cost-effective evaluation. Scaled systems can also be used to evaluate the performance of critical control systems in the presence of nonlinear behaviour. For vehicle missions that might encounter different operational modes, a scaled testbed might be used to evaluate how one or more autonomous systems perform and interact over a broad range of controlled conditions. Finally, laboratory scaled vehicle systems can be used to study the balance between human and autonomous control [4] . It is implied that a scaled testbed can be used to accomplish these design and evaluation processes reliably, repeatedly, safely, and at relatively low cost with respect to time, personnel, and equipment.
Full-scale testing and evaluation will likely never be eliminated from the development cycle, but it may be possible to formulate and postpone the right types of tests until a final stage of evaluation. These scaled labs can then provide opportunities for returning and re-testing a design change. For example, it can be easier to design and evaluate new algorithms or sensing configurations that might not ordinarily be considered. Diagnostics could also be performed on the scaled system, particularly for evaluating new software solutions. In this way, scaled vehicle systems might provide inexpensive designer testbeds.
To demonstrate how testing and evaluation with scaled systems can impact the vehicle autonomous system design cycle, this paper reviews how scaled systems have been used for particular applications in the past as well as in recent vehicle control applications. Common methods used in scaled testing are briefly reviewed, and some relevant applications are discussed. A case study is presented describing how a 1/5th scaled vehicle laboratory testbed is used in real-time control implementation of an anti-lock brake system (ABS). An ABS can be thought of as a form of vehicle autonomous system, being now commonly integrated into more complex and higher level forms of driver-assistance systems that promote stability and enhance safety (e.g. enhanced-stability-programme [5]). As such, this case study demonstrates how a scaled testbed can be used for evaluating ideas on design and testing of vehicle autonomous systems (VAS), in addition to educating engineers and the public about how autonomous vehicle systems and system components can be designed and evaluated. An ABS implementation is described, and results are presented from laboratory testing, demonstrating the performance of the scaled vehicle in braking experiments with and without ABS. To assess the results, measurements are made of tyre force characteristics, and the laboratory tests are compared to results from simulation and qualitatively to full-scale tests.
Scaled vehicle systems
To integrate scaled vehicle testing in a development cycle for a vehicle autonomous system (VAS), it is necessary to at least consider scaling of the relevant vehicle dynamics and the role of any critical vehicle subsystem dynamics. One approach is to apply similarity methods, which represent a well established method and have been used extensively in many disciplines [6] . The use of dimensionless parameters offers a related approach that is also commonly used in many areas of mechanics [7] . The selection of dimensionless parameters is often reviewed in most undergraduate textbooks in fluid mechanics, for example, but a more relevant application to vehicle mechanics can be found in Bekker [3] , and with relevance to control prototyping in the work by Brennan and Alleyne [8] and Patil [9] .
Similarity methods are a useful basis for scaled testing. A physical function or variable, f H , is said to be`similar' to f if the ratio f/f is a constant. Strictly speaking, the functions are evaluated for homologous points and homologous times [6] . The ratio, ' f f H af is a scale factor for f. For example, using m and p as subscripts to denote model and prototype, respectively, scale factors are defined by,
where these scale factors are defined by characteristic values of length parameters. A ' with no subscript often refers to a length scale factor. Hence, a scaled vehicle with ' 1a10 implies a model geometrically scaled down by a factor of 10. Further, geometric similarity strictly requires that all the geometric scale factors be equal, otherwise the model is said to be distorted.
If kinematic similarity exists, velocity and acceleration functions for a model are similar to those for a prototype. If mass distributions are also similar, then dynamic similarity exists between two systems. However, dynamic similarity between two systems (e.g. model and prototype) implies that they experience similar net forces. Hence, while the inertial forces of a rigid body model of a vehicle might scale to assure dynamic similarity with a full-scale prototype, it is important that anỳ subsystems', such as tyre loads, suspension forces, etc., maintain this net force similarity. This is a fundamental issue to consider when evaluating a scaled vehicle testbed that will be used for vehicle motion control studies.
The use of scale tests was strongly advocated by Bekker [3] . Bekker points out that full-scale testing has always been common for ground vehicles since they are not as difficult to test as ships or planes, which are more readily studied in scale. Nevertheless, extensive changes can be costly and time consuming, and control of test conditions can be either poor or expensive. Further, the mechanical and general complexity of any available full-size vehicle may obscure the behaviour under study and``preclude the testing of simplified concepts so essential in building a sound analysis'' [3] . On the other hand, reduced scale requires increased precision. Generally, however, scaled testing usually facilitates control of most critical test variables and conditions. Fundamental concepts may be readily and economically evaluated, and extraneous effects may be minimised, quantifiable, or possibly eliminated.
Practical use of scaled vehicle testing dates back to the early 1900s. One early study by Bradley and Wood [10] focused on braking of a scaled four-wheeled vehicle propelled by a launching mechanism into an accelerated state onto a flat concrete floor. The four wheels on the vehicle could be braked after release, allowing study of the effect of different combinations of braking (e.g. two front, diagonal, etc.), as well changes in the vehicle body parameters. This study is notable because basic dynamics of a braking vehicle now considered fundamental were revealed with this scaled testbed. For example, the yaw instability induced when locking the rear wheels was likely first observed experimentally by Bradley and Wood. This scaled vehicle was not meant to model any particular full-scale prototype, demonstrating how exact scaling is not essential for learning fundamental principles.
Deriving insight by using scaled testing was also demonstrated by Emori and Link [11] who used models to study vehicle collisions. Emori and Link recognised that a model collision process did not have to be the same as the prototype collision process, provided both were of short duration. Only similar impulses had to be exchanged in the collision phase for the model to be capable of predicting prototype behaviour. The crushing characteristics of a prototype car, which would affect the time histories of forces during impact, were therefore not exactly simulated in model tests. Emori and Link observed that the coefficient of restitution of real automobiles is essentially zero; in other words, the crushing process is entirely plastic with essentially no elastic rebound. This observation means that provided a model was geometrically similar, possessed the appropriate inertial properties, and had a crushable material attached to the colliding sides so no elastic rebound would occur, the post-collision motion of colliding vehicles could be simulated.
Recent studies utilising scaled vehicles have re-affirmed the need to properly characterise the external forces. Kachroo and Smith [12] used a 1/15th scale vehicle to study similarity with the tyre-road interaction in full-scale vehicles. In this case, the slip-dependent friction coefficient for longitudinal forces was shown to exhibit trends similar to those found in full-scale vehicles. The study by Brennan and Alleyne [8] was more specific in addressing the needs for controller evaluation, and care was taken in determining lateral force characteristics for steering control of a 1/10th scale vehicle. The use of a scaled vehicle system for controller evaluation is also reported by Altafini, et al. [13] , who developed a feedback controller for backing of a scaled truck-trailer system. This study, however, did not specifically address similarity issues, particularly in relation to the tyre-surface contact.
These studies all demonstrate a continuing effort to utilise scaled vehicles in control design, especially in relation to developing control systems for automated highway systems [8, 12, 14] . This trend represents a significant change from the classical application of scaled vehicles for evaluating basic performance characteristics or open loop response dynamics [3, 7] .
Scaled vehicle testbed for braking and steering
In order to study transient braking and steering, a 1/5th scale vehicle test system was selected, around which a laboratory environment was developed. The key elements and capabilities of this modelling and testing environment are described in this section, and additional details can be found in references [9, 15, 16] .
Description of scaled vehicle platform
The scaled vehicle used in these studies is an`off-the-shelf' 1/5th-scale radio controlled vehicle [17] . This vehicle has adjustable steering and suspension systems, and can be equipped with front disk brakes that can be either hydraulically or electromechanically actuated. The electromechanical (servo) brake system uses a cable and caliper mechanism. The test vehicle and a detail of the brake rotor and caliper detail are shown in Figure 1 . The brake mechanical design consists of a floating brake pad that is pressed against the brake rotor, forcing it against a stationary brake pad. This floating rotor design, illustrated in Figure 2 , turns out to be a critical factor that can limit ABS performance [9] . The original design relied on a single servo actuator to engage both the left and right brakes, but an additional servo was added for this study to allow the left and right brakes to be controlled independently. The hobby servo motors standard in this system rely on a pulse proportional modulation to provide position control. The motors were modified by removing this servo control. Consequently, by varying the input voltage or current, the variation of force on the brake pads would more closely resemble the hydraulic pressure variations dictated in full-scale ABS. The vehicle is not equipped with any sensors, so an optical encoder was attached to the rotating spindle on each front wheel. An encoder was also attached to the rear differential source gear. Since only the front wheels are braked, the rear wheels are assumed to be free rolling during braking. Hence, the rear differential speed is used to estimate the vehicle speed. Optical encoders with 1024 counts per revolution (CPR) code wheels were chosen to meet the resolution required in the scaled experiments.
A desktop computer with real-time control capability acts as an electronic control unit (ECU) for the braking system. This unit is also responsible for controlling and managing the experiments and collecting and handling data for real-time and post analysis. The specific implementation used here relies on a National Instruments PXI chassis with a real-time controller running LabVIEW Real-Time (RT). The controller utilises both a multifunction data acquisition card and a timing input/ output card (for digital i/o). Programming and communication with the RT controller is accomplished using a desktop host computer via an Ethernet or network connection. Sensing and control signals between the vehicle and controller are transmitted via multiple wires collected to form a communication tether.
Laboratory testing is accomplished using a ramp that transitions from a vertical to a horizontal and flat test region. The vehicle is released from rest on the vertical region of the ramp, and accelerates into the test region where transient braking and turning manoeuvres can be performed. Raising the vehicle back to the release point is accomplished by using a computer-controlled winch motor. This test facility and the control and communications block diagram are illustrated in Figure 3 . The ramp and vehicle test configuration was originally designed to explore real-time implementation issues of vehicle control algorithms and their relationship to the vehicle dynamics (tyre-surface interaction, steering dynamics, braking, etc.) [15] . Extended studies into advanced control prototyping and mechatronic design procedures have also utilised this testbed [9, 16] . A digital proportional radio control system can be used to remotely steer the vehicle and activate the brakes. A hand held controller features a steering wheel, and braking is commanded by the same trigger used for the throttle control, but applied in reverse. The FM signals are transmitted to a receiver mounted on the vehicle, and are used to trigger a computer-controlled braking operation. Two steering servos on the vehicle are connected and controlled by the receiver. The braking signal from the trigger is intercepted from the receiver circuit and bypassed to the desktop controller.
In normal remote control, conventional (non-ABS) braking is available via the handheld transmitter. The controller uses the intercepted brake signal to trigger either conventional or ABS braking. Alternatively, the entire steering and/or braking experiment can be computer-controlled. Preliminary locked-wheel friction measurements on the test platform showed that a value for the friction coefficient, ", at 100% slip (or skid) would lie between 0.45 and 0.50. Slip is defined as,
where V is the forward velocity, 3 is the wheel angular velocity, and r is the tyre radius. This range for the tyre-surface friction coefficient, ", is sufficiently low that the wheels are relatively easy to lock up (3 3 0) in a braking experiment. To illustrate the type of braking response exhibited by the scaled vehicle, preliminary testing was conducted with conventional braking. Figure 4 summarises some of the measurements made during a typical experiment. The vehicle acceleration was obtained directly from the encoder used to monitor the rear differential speed. The signal was differentiated and filtered to extract an estimate of acceleration. Note that the deceleration in this conventional braking experiment is very nearly constant at about 0.2 g. This deceleration level corresponds to the fact that only the two front wheels are involved in braking (so the braking force due to a single locked wheel is "N w , where N w is the weight on the wheel). The slip plot shows how the wheels quickly lock up after braking is initiated, as confirmed in the`RPM' plot of the wheel speeds (note, the differential angular speed is used here as an estimate of the vehicle speed since it is assumed that the rear wheels roll freely). Both the left and right front wheel speeds are plotted, as each is braked independently. In the next section, some of the issues involved in implementing an anti-lock brake system for this platform are described. The use of modelling and simulation to guide this implementation is also presented. Figure 4 Results from a conventional braking experiment using the scaled vehicle.
Applying the brakes leads almost directly to a locked wheel condition
Implementing scaled-vehicle ABS control
An anti-lock braking system (ABS) can overcome the wheel lock-up illustrated in Figure 4 . Some ABS algorithms include estimation of wheel acceleration, and are designed to regulate the peripheral acceleration of the wheels below a certain range [5] . The hydraulic pressure is modulated according to a prescribed algorithm, often rule-based [18] , to minimise the chance of lock-up. Another approach focuses on maintaining the slip within a region known to yield the highest friction coefficient. This requires that the slip can be reasonably estimated. There have also been many reported studies on advanced control methods applied to ABS (sliding mode, fuzzy logic, robust, etc.), but it is not evident from the open literature whether any of these have been implemented in production vehicles. In any case, it is well accepted that a significant amount of testing and tuning is required to finalise an ABS algorithm.
A preliminary ABS algorithm was developed using the process illustrated in Figure 5 . During an ABS braking sequence, the controller constantly monitors wheel and vehicle speeds in order to estimate slip for each wheel. A determination is made whether the slip is within a`sweet spot' region of the "-slip curve, over which it is assumed the highest friction coefficient can be achieved. The "-slip curve can vary significantly in practical applications if it is known at all, but the general trends can be characterised [5, 19] . In the preliminary testing of this vehicle, the exact "-slip curve was not known, but " was assumed to depend on slip, !, according to trends commonly measured for rubber tyres on hard and dry surfaces. The locked wheel value of " was used to scale the assumed functions. Figure 5 Flow chart describing heuristic logic used to implement a simple anti-lock brake algorithm. The algorithm targets the friction level in the`sweet spot' illustrated in the "-slip curve shown, which is a nominal shape for tyres on dry, rough surfaces [19] This ABS logic was applied in a model study that integrated a simple longitudinal model of the vehicle with a dynamic model of the servo brake system. The model was used to explore whether the proposed ABS braking sequence could be implemented on the 1/5th scale vehicle, and particularly to determine whether the cable-actuated disc brakes powered by the modified servomotors would have the response characteristics necessary to operate in an ABS-mode. These detailed models can be found in Al-Sharif [9] and Patil [15] . It is of interest here to contrast a bond graph of the scaled vehicle brake system alone with that of a conventional hydraulic system in Figure 6 . Bond graphs are a model formulation based on power-flow and energy descriptions, including a causality-driven equation formulation approach [20] . The bond graphs shown here are meant to convey the power flow and topology (connectedness) of the system elements. The comparison highlights the differences but also indicates that both systems can introduce at least second order dynamics between the command input and the brake force. The bond graph in Figure 6 (b) was used to build a detailed model of the scaled vehicle brake system. The braking force applied by the brake system interacts with a wheel to generate the brake torque, T b , as illustrated in Figure 7 . This figure summarises the forces and torques on a single wheel model representation of the vehicle (note that rolling resistance is assumed small compared with other forces). The bond graph on the right side of this figure emphasises that the applied braking torque and the tyre-surface traction effect are considered dissipative effects, represented by R elements in bond graph notation. The brake torque, T b , depends on the brake force applied by the brake system, and the traction force depends on the vertical load, N w . Control of braking is complicated by the fact that it relies on the interplay between these two friction-dependent forces. The model equations for this simplified model are,
where T d is the effective drive torque, T b is the brake torque (dependent on brake system), and F tx is the traction/braking force, F tx "N w , where N w is the normal force on the wheel. In this simplified model, weight transfer was assumed negligible, so N w Wa2, since only the two front wheels were used to brake the vehicle. A complete model for braking of the vehicle was used to formulate a simulation for studying the ABS braking control algorithm proposed in Figure 5 . The model incorporated the dynamics of the braking system (including cable and brake pad stiffnesses, brake pad friction coefficient, etc.) as well as a tyre-surface "-slip curve.
The "-slip curve was based on locked-wheel skid measurements, and was assumed to take a characteristic shape commonly found for tyres on hard and dry surfaces. That such trends might be realistic for scaled vehicles was confirmed in measurements reported by Kachroo and Smith [12] . The results from a simulation using the idealised "-slip curve are shown in Figure 8 . This simulated response combines the control logic and brake system dynamics with a simple vehicle model for braking. From these results, it is assumed that the brake system and an ABS controller having the logic described in Figure 5 can be used to implement ABS on this scaled vehicle. The ABS algorithm and subsequent extended versions were programmed using the LabVIEW graphical programming environment (a product of National Instruments Corporation), and implemented in a real-time controller [15] . A programme developed in LabVIEW was used to supervise conventional (no ABS) and ABS braking experiments. The braking control algorithms were implemented as part of this larger programme which managed the experiments, the data acquisition and control hardware, and provided communications with a user through a host personal computer (PC). The experiment represented by the results shown in Figure 4 was monitored with this programme, and results from an example test case applying an ABS braking algorithm are summarised in Figure 9 . The plots for brake signal, slip, and speed have overlaid results for left and right wheels. Note that the acceleration (deceleration) level remains almost exactly the same as in conventional braking, but there is clearly a wide variability in wheel speed induced by the controller which is pulsing the brake servos in order to maintain slip at a specified level. This algorithm is clearly struggling to regulate slip and to keep the wheels from locking up. This occurred, firstly, because the`sweet spot' was defined to be too large (0.1 to 0.4). Second, it was discovered that the left wheel (see Figure 9 ) was particularly prone to lock-up because the left servo was faulty, and thus was unable to properly engage and disengage during ABS testing. This explains the wide variations in left wheel speed indicated in Figure 9 . An inherent value in laboratory testing with the scaled vehicle was clearly demonstrated in this initial testing phase. First, the programming and test environment was found to be very valuable in monitoring physical variables related to the response of the vehicle, as shown in Figures 4 and 9 . It was possible to readily tune and adjust the algorithm by studying the wheel velocities and slip, for example. Secondly, the braking algorithm could be analysed by examining other signals such as real-time loop rates, brake control signals, and the raw signals from the sensors and actuators. A key issue that arose stemmed from observations that the wheels were experiencing a higher level of slip than desired. The preliminary ABS control logic design (represented by Figure 5 ) was subsequently updated to incorporate estimated values of wheel acceleration, in an attempt to better detect the onset of lock-up in the wheels during ABS braking. In a final analysis, however, it was found that the lock-up condition was largely dependent on limitations in the design of the electromechanical brake system (from servomotor to floating brake pad mechanism). Subsequent studies into improved control and re-design of the brake system are reported by Patil [2] and Patil et al. [9] . An example of improved response is shown in Figure 10 , which highlights the left brake signal, slip, and speed, along with vehicle acceleration and speed. In this case, the acceleration has been measured directly using an accelerometer. Also, the control algorithm applied was based on a sliding mode control approach. Overall, there is a significant improvement over the initial (heuristic) algorithm, although this might also reflect the mechanical design changes made to the brake system. Figure 10 Test results for ABS braking of the scaled vehicle after re-design of the brake system and using sliding mode control [9] 4 Assessment of scaled vehicle study
The advent of off-the-shelf control prototyping hardware and software tools can facilitate the development of relatively low-cost scaled vehicle testbeds geared toward investigating advanced vehicle controls and vehicle autonomous system design. However, the preliminary study examining both conventional and anti-lock braking described in the previous section shows that several issues need to be addressed.
Impact of vehicle scale
The scaled vehicle dynamics may be the most critical underlying issue in these studies. Using off-the-shelf scaled vehicles does not guarantee dynamic similarity, as the design may only target geometric similarity. The scaled vehicle tested in this study had reasonable geometric scaling, but there was a deviation in the yaw moment of inertia, I z , relative to a value expected for a comparable full-scale vehicle. Specifically, the yaw moment of inertia was found (using model estimation and bifilar pendulum measurement) to be about one-half the value expected for a similar vehicle (see Dixon [21] , Appendix C). This difference could impact turning dynamics, as shown by a simple bicycle model [22] ,
These equations describe the longitudinal (V x ), lateral (V y ), and yaw ( z ) velocities of a vehicle with mass m located at a distance L 1 from the front axle and L 2 from the rear. The effect of longitudinal, F x , and lateral, F y , tyre forces exerted by the front and rear tyres (designated by subscripts f and r, respectively) have a combined effect due to the introduction of the front steering angle, f . In braking experiments, tests to study the onset of yaw instability or performance in combined braking and turning would warrant some minor modifications to the vehicle chassis. Nevertheless, for straight-line braking, the scaled vehicle appears to satisfy model expectations. A qualitative comparison to braking accelerations in full-size vehicle testing conducted by Cuderman [23] shows similar trends in deceleration under conventional and ABS braking. One example of ABS braking of a vehicle (all four wheels) is shown in Figure 11 . The acceleration shows the same basic trend observed in scaled vehicle testing (where only two wheels were involved in braking). Interestingly, Cuderman showed that improvement in stopping distance using ABS for a range of distinct vehicles was at most about 16%. Such a conclusion could be reached in scaled vehicle testing as well, and insight gained into the impact of the vehicle parameters, brake system dynamics, or control algorithm. It is implied that while the stopping distance is not significantly affected, the overall stability is enhanced by ABS. Verification of this fact in scaled testing would thus require dynamic similarity for the turning dynamics described earlier. Figure 11 Acceleration of a full-size vehicle for tests conducted by Cuderman [23] 4.2 Sensing, control, and actuation
As expected, sensing issues arise due to scale (sensitivity, accuracy, observability of critical states, etc.), but for the most part these can be resolved, albeit with increased cost. All real-time acquisition of signals and control implementation have been achieved using a desktop system, so embedding a comparable capability on the scaled vehicle would offer a significant yet tangible challenge. Actuation by the brakes was sufficient to achieve braking. The dynamic response, however, was found to be lacking and re-design was required to upgrade the base-brake system on the scaled vehicle for reliable ABS performance [9] . While the specific brake system may not be of interest, it is highly desirable to have a way to apply a brake force reliably and over a wide dynamic range. In the end, braking performance is inextricably tied to how well the brake system can take advantage of the tyre-surface interaction.
Assessment of tyre characteristics
It is widely accepted that a specific tyre should be evaluated through full-size testing to confirm its suitability for a given vehicle application [3] . Although difficult to predict accurately over a wide range of surfaces and environmental conditions (e.g. see [19] ), tyre-surface friction coefficients on road surfaces exhibit unique trends with slip that similarly arise in scaled vehicle systems. Testing has been conducted on scaled vehicles in order to confirm this hypothesis [8, 12] . In the present study, a drum was driven over a range of speeds to establish slip conditions with a single tyre. A brake was used to apply a torque on the tyre that would balance the frictional torque established at the drum-tyre interface during steady-state slip conditions. By measuring the drum and wheel speed, as well as the applied torque and normal force on the tyre, this experiment was used to estimate a "-slip curve. The test arrangement is shown in Figure 12 . In this case, the brake torque was adjusted using a Prony brake and the equilibrium torque inferred by direct measurement of a reaction force at the end of the torque arm. Two optical tachometers measured drum and wheel angular speeds, and the normal force was estimated using a force scale to balance the weight at the tyre of interest. Figure 12 Scaled tyre testing configuration for measuring "-slip curve Subsequently, this test configuration was modified to also allow estimation of the lateral forces as a function of slip. A schematic of this test configuration is illustrated in Figure 13 . During a test, the front wheels of the vehicle are steered into a fixed angle and locked in position. The vehicle is pivoted at the rear end, and the front end placed on a horizontal bearing to allow yawed motion. Only one tyre (under test) is positioned on the drum. Braking of the test tyre is accomplished by the external brake, and the torque estimated by measuring the reaction force at the end of the torque arm using a fixed force sensor. When the drum is set into rotation by a drive motor, a lateral force is induced at the front tyre causing the vehicle to pivot about the rear. This force is balanced by a force scale that keeps the vehicle aligned in the initial lateral position. This measurement provides an estimate of the lateral force generated at the tyre-drum interface. The cornering coefficient is used to relate the lateral force on a tyre, F y (see Equations 4) , to the slip angle, ; i.e. F y C . Laboratory measurements were made using the two test configurations described. The rotating drum was made of aluminium with a machined and smooth surface assumed to match the hard test surface on the vehicle test ramp described earlier. The reduced data in the form of estimated " and C plotted against measured slip are plotted in the graph of Figure 14 , with error bars shown to represent scatter. The scatter is partly attributed to a need for improved speed control on the drum. Data at high slip values (close to lock-up) is difficult to collect, and an upward trend in the friction coefficient, ", was observed at high slip. Since these values did not match simple locked-wheel skid tests, these data were not considered reliable and are not shown. Values for the cornering coefficient, C , at slip values passed the dynamic stability range (low slip) are also difficult to measure. The disk brake used in those tests tended to lock up prematurely. Two trend lines have been sketched on this graph to indicate expected trends, but these are not average lines for experimental data. It is clear, however, that the data follow expected trends (for example, compare with typical data in the Wong [22] ). The results from these tests can also be evaluated using the friction circle (or ellipse), which is commonly used to illustrate the combined longitudinal and lateral forces under a given set of operating conditions [24, 25] . A typical diagram, prepared for one quadrant, with expected trends is shown in Figure 15 (a). The curves in this diagram point out how increased slip in a turn corresponds to a degradation in the tyre lateral force buildup. The impact on vehicle performance and control depends on other factors as well, such as the how steering and braking inputs are applied [23, 25] . Figure 14 Measurements of longitudinal friction coefficient, ", and lateral force coefficient, C , versus slip for scaled vehicle tyres contrasted with typical trends in these physical parameters on full-size tyres [23] . At values of slip close to 1.0, this setup predicted an upward trend in " deemed unreliable. The slip angle for this data is 17 degrees Figure 15 The combined longitudinal and lateral tyre force are commonly presented in the form of a friction ellipse (a). Test results show that similar trends can be extracted from testing the tyres on a scaled vehicle
In Figure 15 (b), measured longitudinal (F x ) and lateral (F y ) forces measured at identical slip values are plotted against each other, along with the relationship predicted by the friction ellipse formula. For the ellipse prediction, the maximum values measured for F x and F y are used as the major and minor axes values, respectively. Note that in this graph the slip increases as an angle measured from the vertical axis in the clockwise direction, so that maximum lateral force, F ymax (on minor axis) occurs at a slip value of zero and the maximum longitudinal force, F xmax (on the major axis) occurs at a slip value of 1.0. The correspondence between the measured and predicted results shows that for this scaled system the friction ellipse could be used to indicate trends generally expected for modelling combined braking/turning. For this particular tyre and slip angle (17 degrees), the friction coefficient increases with slip value without a decrease after a maximum value is reached at a slip value of, say, about 0.2. The nominal curves, however, indicate how an actual F xmax might be obtained, and then F x values for higher slip values are less, causing the curve to turn in on itself as in Figure 15 (a).
Role of modelling and simulation
In the early stages of this study, modelling and simulation was used to make predictions about how the scaled vehicle would respond under ABS operation. It was assumed, given no measured tyre-force characteristics, that the trend in the "-slip curve would follow those commonly measured for full-scale tyres. This assumption proved to be valid. Consequently, given some general description of the tyre-surface loads expected, it is reasonable to expect that predictive models and simulations can play a significant role in scaled vehicle testing on hard and dry surfaces. This has been confirmed in subsequent studies using the scaled vehicle laboratory [2, 9] . Similar conclusions can be inferred from the work of Brennan and Alleyne [8] regarding the applicability of scaled testing for providing insight into controller design.
Conclusions
Using scaled vehicle testing within a rapid control prototyping and design process has been demonstrated in several studies [9, 15, 16] and is summarised in this article. The implicit need for integrated design in vehicle autonomous systems may benefit from such an approach, as long as critical system dynamics crucial in certain applications can be demonstrated. For ground vehicles, for example, it is essential that external loads from tyre-surface interaction be properly designed into the test environment. In addition, any control actuation must also be carefully considered. The case study on anti-lock braking (ABS) of a scale vehicle described here showed how these combined factors, which complicate ABS in full-scale systems, can be effectively studied in a controlled scaled laboratory environment. It is not implied that this testing would replace full-scale testing, but it is suggested that lessons learned from the scaled testing could expedite and streamline a more costly full-scale implementation. Indeed, modern trends in`virtual prototyping' seem to suggest minimal testing, and it is proposed that using a scaled vehicle could be an alternative to`test-less' design. Further, such an environment provides a physical testbed for building insight and evaluating control algorithms [8] . It is not unreasonable to propose that such an environment may help to identify problems with control logic and implementation. In addition, the scaled tests may be used to identify a critical set of tests that should be performed later in full-size testing, possibly providing a basis for comparison and future iterative design procedures. Perhaps the effect of variability and uncertainty in the vehicle or the environment could be used to quantify the robustness of proposed solutions. It becomes clear then that to integrate scaled vehicle systems into the design cycle efficiently and effectively requires dynamic similarity and integration of modelling, simulation, and control-prototyping tools.
